The high-performance liquid chromatography (HPLC) of metal chelates is a powerful approach for the determination of ultratrace metal ions, providing advantages in sensitivity, toughness against coexistence matrix, and cost-effectiveness.
Introduction
The high-performance liquid chromatography (HPLC) of metal chelates is a powerful approach for the determination of ultratrace metal ions, providing advantages in sensitivity, toughness against coexistence matrix, and cost-effectiveness. 1 A precolumn chelation HPLC system, which employs an eluent without a chelating reagent, is known as a kinetically differentiation mode (KD-)HPLC, and is both highly sensitive and selective. [1] [2] [3] We previously reported applications for monitoring V(V) in municipal air at ng/m 3 levels. 4, 5 The high sensitivity enabled the detection of trace V(V) at natural occurrence levels in air samples 6 taken over one-day to onemonth periods.
For further improvement of the sensitivity of KD-HPLC, the development of an effective preconcentration is required. That the excess chelating reagent becomes concentrated during the concentration step along with the complex has proved to be an obstacle in developing a more effective technique, since it results in poor resolution and peak deterioration in HPLC. The objective of this study is to develop an effective preconcentration method that enables selective separation of the V(V) complex with 4-(2-pyridylazo)resorcinol (PAR) from an excess of PAR in order to improve the sensitivity of KD-HPLC for V(V). We previously reported an off-line preferential preconcentration technique using solvent extraction and a onedrop concentration for the KD-HPLC of ultratrace Co(III) chelate with 2,2′-dihydroxyazobenezene (DHAB). 7, 8 The excess DHAB was removed by extraction of its neutral form, and then an anionic Co(III) complex with DHAB was extracted as an ion-pair with tetrabutylammonium. This technique cannot be applied to [V V par] and PAR because both of them are mono anionic species.
Solid-phase extraction has long been used for preconcentration and separation. 9 Although there are a number of solid-phase extraction techniques as well, [10] [11] [12] there are as yet no reports of an effective technique for the separation of metal chelates from a large excess of chelating reagent. In this study, a selective separation method for [V V par] in the presence of the excess chelating reagent was developed using a disposable ODS cartridge. The proposed method was successfully combined with an off-line preconcentration method consisting of an ionpair solid-phase extraction using another ODS cartridge and a subsequent one-drop concentration method. Its application to KD-HPLC for ultratrace V(V) has been demonstrated. A detection limit of V(V) at ppt levels was achieved. The proposed method was successfully applied to the determination of V(V) in an air-borne sample.
Experimental

Reagent and solutions
A commercially available PAR (Dojindo, Kumamoto, Japan) was purified by repeated precipitation from water-N,Ndimethylformamide, and then dissolving it in a slightly alkaline aqueous solution. The concentration of the PAR solution used was 1 mM. Metal ion standard solutions of Co(II), Fe(III), and were purchased from TCI (Tokyo, Japan) and Dojindo, respectively. All other reagents used were of guaranteed reagent grade.
Apparatus
The LC setup consisted of a Shimadzu (Kyoto, Japan) LC-9A pump unit, a Shimadzu SPD-10 AV spectrophotometric detector, and a Rheodyne (Rohnert Park, USA) 7125 manual injector with a 100 μl loop. The analytical column used was a Cica-Merck LiChrosphere RP-18 (4 mm i.d. × 125 mm length, 5 μm p.s.). An ODS cartridge, BOND ELUT C-18 from Varian (Palo Alto, USA) was used for the preconcentration procedure.
Procedure
Procedure for sample preparation. A PAR solution of 500 μl and 2.5 ml of PIPES/NaOH pH buffer solution (0.1 M, pH 6.5) were added to an acidic metal ion solution. The mixture was heated at 60˚C for 10 min and the volume of the solution was made up to 25 ml after cooling. Procedure of preconcentration. The ODS cartridges were washed and pretreated by passing 10 ml of 1 M nitric acid, followed by water, and then 10 ml of methanol through them, respectively. The sample solution prepared as described above was passed through an ODS cartridge with an aspirator. A 10-ml volume of water was passed through the cartridge at a flow rate of ca. 7 ml/min, and the eluate containing metal chelates was collected in a beaker. Then, 2.5 ml of a 0.01 M TBABr solution and 0.5 ml of a 0.1 M PIPES/NaOH pH buffer solution (pH 6.5) were added to the eluate. The mixture was passed through an ODS cartridge. Then, 10 ml of methanol was passed through the cartridge, and the eluate was collected in a 50 ml Teflon beaker. After the addition of 50 μl of dimethylsulfoxide (DMSO) to the eluate, methanol was removed by evaporation in a water bath at 70˚C. To the residual DMSO solution, 200 μl of water was added. An aliquot of this solution was injected into the HPLC apparatus.
Conditions of HPLC.
A methanol (42 wt%)-water mixture containing 1 × 10 -3 mol kg -1 PIPES/NaOH pH buffer solution, 6.2 × 10 -3 mol kg -1 TBABr, and 1 × 10 -3 mol kg -1 EDTA was used as an eluent with a flow rate of 0.5 ml/min. An absorbance unit of full scale with a detector setting of 0.0002 -0.02 at 545 nm was used for a 1 mV recorder output.
Procedure for the determination of V(V) in an air-borne sample.
The air-borne particles were collected on the rooftop of a sixfloor building over a period of 10 days using a low volume air sampler at a sampling rate of 0.02 m 3 /min. A quarter of a filter was used to prepare an air-borne sample solution. An air-borne sample was prepared by dissolving the air-borne particles collected on the filter by wet decomposition using hydrogen peroxide and nitric acid. 13 The final volume of the air-borne sample was diluted to 20 ml. An aliquot of 1 ml of the air-borne sample was taken in a beaker. Before the derivatization procedure with PAR, as described in Procedure for sample preparation section, 5 ml of a 0.01 M solution of trans-1,2-diaminocyclohexane-N,N,N′,N′-tetraacetic acid was added as a masking agent, and then the mixture was heated at 80˚C for 5 min.
5
Results and Discussion Figure 1a shows a typical chromatogram of a concentrated sample without the pre-separation of excess reagent. The preconcentration procedure consists of solid-phase extraction using an ODS cartridge and TBABr as an ion-pair reagent and a subsequent one-drop concentration. All of the anionic species containing [V V par] and a large excess of free ligand are concentrated into a small volume of the final sample. When applied to HPLC, some high concentration PAR remains in the analytical column. As a result, the large excess PAR causes undesired peak splitting or shortens the column life, as shown in Fig. 1b . A separation method of [V V par] from excess PAR is required prior to the concentration step.
In the discussion below, we first describe the effectiveness of our newly developed separation step, and then show the proposed technique to trace V(V).
A sample solution containing PAR and its complexes of Co(III), Fe(III), Ni(II), and V(V) was passed through an ODS cartridge using an aspirator. After flushing the ODS cartridge with 10 ml of water, the eluate was collected in a beaker. Only [V V par] and a small amount of PAR were eluted using water as an eluent. Then, 2.5
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ANALYTICAL SCIENCES DECEMBER 2006, VOL. 22 ml of PIPES/NaOH pH buffer solution (pH 6.5) was added to the eluate, and the volume of the mixture was made up to 25 ml. Figure 2a shows a chromatogram of PAR and its four metal complexes before separation. The peak height of PAR decreased markedly after the separation procedure, as shown in Fig. 2b . The peak of [V V par] remained unchanged. Figure 2b shows that approximately 80% of the excess ligand was eliminated from the sample solution through the separation procedure. Furthermore, Co(III), Fe(III) and Ni(II) complexes were also eliminated from the sample solution. Since PAR and its metal complexes are anionic species, all of them are extracted onto the solid-phase as an ion-pair with coexisting hydrophilic counter ions, including the pH buffer component and sodium ions in the sample solution. 14 Then, only [V V par] and a portion of PAR are eluted with water. The Co(III), Fe(III) and Ni(II) complexes, however, remain on the solid-phase. A possible explanation for the difference in the elution behavior of the ODS stationary phase is translated into the difference in the molecular bulkiness of the solute because, in general, the hydrophobicity of the solute is increased by the increasing molecular bulkiness; the molecular bulkiness of 1:2 chelates of Co(III), Fe(III) and Ni(II) complexes is larger than those of PAR and 1:1 chelate [V V par]. When using TBABr as the hydrophobic counter ion, none of them are eluted with water. Furthermore, when using other eluents, such as methanol or an aqueous methanol solution, the separation of [V V par] from excess PAR or other PAR complexes cannot be achieved because they are all eluted simultaneously without mutual separation.
Separation is achieved only when using a combination of a hydrophilic counter ion and elution with water. The optimal flow rate for the elution process was ca. 7 ml/min. When elution was carried out more slowly, the peak height of the [V V par] complex decreased and reproducibility debasement was observed. This was probably due to on-column dissociation of the [V V par] complex during the elution process. Only [V V par] and PAR are eluted with water as two isolated bands along the column separation. In this separation process, because of the absence of the free chelating reagent in the eluent, [V V par] is exposed to an overwhelming force, which leads to a dissociation reaction arising from the chromatographic resolution. 3 Thus, the separation procedure should be done as rapidly as possible. In addition, the flow rate should be constant for sufficient reproducibility.
The separation technique for [V V par] described above was combined with ion-pair solid-phase extraction using TBABr and a subsequent one-drop concentration. Since the injection volume for HPLC is in the order of microliters, a preconcentration technique that enables both a large enrichment factor and concentration into a micro volume is desirable. In the second step after pre-separation, [V V par] is extracted onto an ODS cartridge using TBABr as an ion-pair reagent and eluted with 5 ml of methanol. After the addition of 50 μl of DMSO into the methanol eluate, methanol is removed by evaporation in order to concentrate [V V par] into the residual DMSO. Then, 200 μl of water is added to the DMSO solution, and 100 μl of the sample is injected into RP-HPLC. A typical chromatogram for 4 × 10 -9 M of V(V) ion after pretreatment is shown in Fig. 3a . The peak height of [V V par] was approximately 75-times higher than that of the initial sample, shown in Fig. 3b . The main point of this work is that the peak height of PAR was markedly reduced compared with that of the initial sample shown in Fig. 1a . Furthermore, a significant reduction of the relative peak heights of Fe(III) and Ni(II) complexes was observed in the chromatogram of Fig. 3a compared to Fig. 3b . In this case, the peaks of contaminant Fe(III) and Ni(II) were found to be reduced by the proposed method.
The ratio of the resulting peak height of the complex is slightly smaller compared with the enrichment factor of 100. This is explained by the influence of the injection solvent on the peak. In our previous studies on PR-HPLC, it was reported that the peaks were better resolved and sharpened for samples with a lower content of organic solvent. 15 As the percentage of DMSO in the injection sample increases, the peak height of the complex decreases (Fig. 4) . The peak height is reduced by ca. 20% in the case of samples containing 20 v/v% of DMSO.
The proposed technique was applied to the KD-HPLC determination of ultratrace V(V) ion. The reproducibility in terms of the relative standard deviation of the peak height at 4 × where A is the peak-height absorbance. The detection limit, defined as three-times the standard deviation of the peak heights of blank samples, was (6.05 ± 0.82)× 10 -11 M (5 ppt). The sensitivity is markedly improved compared to that of the HPLC without preconcentration (0.1 ppb). 5 The V(V) concentration in an air-borne sample collected on the rooftop of a building of our department was determined using the proposed method. A typical chromatogram for the air-borne sample is shown in Fig.  3c . Although some unknown peaks originating from the coexisting metal ions were observed, there was no apparent influence of these ions on the determination of V(V). The concentration of V(V) in the air-borne sample was determined to be 0.7 ng/m 3 . In conclusion, we have successfully developed an off-line selective preconcentration method for the KD-HPLC of ultratrace V(V). Its high sensitivity at ppt levels can be used for the trace determination of V(V) in environmental samples, such as urban air. The method reported here will be useful to improve RP-HPLC, in general, since its high sensitivity allows minimal sample volumes to be used.
